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Holden Crater	 Location	
(lat,lon):	

325.11E, 26.62S	

Summary	of	observations	and	interpreted	history,	including	unknowns:	

Holden Crater impacted into the pre-existing Uzboi-Ladon-Marova regional drainage system either in the 
Late Noachian (Grant et al 2008) or as late as the Late Hesperian (3.58Gy; N. Mangold, personal 
communication), most likely after the main era of ULM activity. For some period starting after the impact, 
precipitation and runoff from the crater walls or perhaps groundwater partially filled the crater with a lake, 
depositing a series of clay-bearing light-toned layered deposits (lower unit, lower member). Perhaps 
mirroring the overall drying of Mars during the Hesperian, or alternatively due to tailing off of local impact-
induced precipitation, the crater lake gradually dried out over time (lower unit, middle member), perhaps 
going through one or more playa phases, and eventually transitioning into a much drier, alluvium-
dominated system (lower unit, upper member). The alluvial phase was largely terminated by a major flood 
event that breached the rim at the location of the pre-existing Uzboi Vallis and deposited dark and coarse 
flood deposits in the region of the ellipse (upper unit) and more finely layered lacustrine facies toward the 
center of the crater. The flood event may have created a (transient?) lake up to 250 meters deep. Since 
this time, Holden has experienced minimal alluvial and significant aeolian activity. Subsequent cratering 
and erosion has exposed underlying clay and silica-bearing megabreccia blocks formed during or prior to 
the Holden Crater impact, which may preserve an ancient impact hydrothermal system.	

There is some concern that the flat-lying layers in Holden could also be the distal portions of alluvial fans 
instead of lake deposits, and thus not a location of enhanced biosignature preservation. In addition, airfall 
or other non-aqueous processes cannot be entirely ruled out for the origin of the layers. However, the 
uniformity of the layers over long distances and their clay mineralogy seems to support a lacustrine origin.	

Summary	of	key	investigations	

The main target of the 2020 investigation at Holden would be the light-toned layer outcrops of possible 
lacustrine origin, which are mainly located outside of the ellipse. These outcrops would provide an 
excellent location for searching for preserved biosignatures in the clay-bearing layers, and would facilitate 
an investigation of the fluvio-lacustrine evolution of the Holden and ULM system, with broad implications 
to better understanding the Noachian-Hesperian transition on Mars.	

Megabreccia and flood deposits would allow investigation of broader regional lithologic units. 
Megabreccia in particular along could contain Pre-Noachian materials that would allow investigation of 
the early atmosphere and magnetic field, and may contain preserved biosignatures from an impact 
hydrothermal environment.	

Within the ellipse, the inverted channels and exposed alluvial facies would allow sedimentological 
investigations of the later fluvial environment and climate at Holden.	

Cognizant	Individuals/Advocates:	

John Grant, Ross Irwin, Ralph Milliken	
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Link	to	JMARS	session	file			|			Link	to	Workshop	2	rubric	summary	

TBD     	

Rubric: 
https://docs.google.com/spreadsheets/d/16Rmn2qHFQc6BKJtiyIeDLcyBxJqq8Oq4VO3etqrZ8lo/edit?usp=sharing_ei
d&invite=CNm8lqYF	

Key	Publications	list	(grouped	by	topic):	

Aqueous Setting:	

● Grant, J. A., R. P. Irwin III, and S. A. Wilson (2010), Aqueous depositional settings in Holden crater, Mars, 
Lakes on Mars, 323–346, doi:10.1016/B978-0-444-52854-4.00012-X.	

● Grant, J. A., R. P. Irwin, J. P. Grotzinger, R. E. Milliken, L. L. Tornabene, A. S. Mcewen, C. M. Weitz, S. W. 
Squyres, T. D. Glotch, and B. J. Thomson (2008), HiRISE imaging of impact megabreccia and sub-meter 
aqueous strata in Holden Crater, Mars,, 36(3), 195, doi:10.1130/G24340A.1.	

● R. P. Irwin, III, and J. A. Grant,Geologic Map of MTM –15027, –20027, –25027, and–25032 Quadrangles, 
Margaritifer Terra Region of Mars	

● Pondrelli, M., Baliva, A., Di Lorenzo, S., Marinangeli, L., Rossi, A.P., 2005. Complex evolution of 
paleolacustrine systems on Mars: An example from the Holden crater. J. Geophys. Res. 110, 
doi:10.1029/2004JE002335. E04016. 	

● Moore, J.M., Howard, A.D., 2005. Large alluvial fans on Mars. J. Geophys. Res. 110, E04005, 
doi:10.1029/2005JE002352.  	

Mineralogy:	

● Milliken, R. E., and D. L. Bish (2010), Sources and sinks of clay minerals on Mars, Philosophical Magazine, 
90, 2293–2308, doi:10.1080/14786430903575132.	

● Milliken, R. E., J. Grotzinger, and S. Murchie (2007), Evidence for hydrated phyllosilicates in Holden Crater, 
Mars using Hyperspectral CRISM data, Lunar and Planetary XXXVIII, abstract #1913.	
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Left:	Context	elevation	
map	of	Uzboi-Ladon-
Morava	drainage	system,	
which	Holden	Crater	
impacted	into.	Note	the	
ancient	Holden	Basin,	
which	also	contains	
Eberswalde	Crater.	

Left:	Context	elevation	
map	of	Holden	Crater,	
showing	approximate	
locations	of	old	(MSL)	
landing	ellipse	(see	next	
section	for	updated	
ellipse	location).	Note	
large	bajada	on	western	
side	of	Holden,	Uzboi	
flood	inlet	to	SW,	and	
lack	of	outlet	channel	to	

Regional	Context	Figure	(ref:		Irwin	et	al.,	LS	workshop	)	
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Ellipse	ROI	Map	or	Geologic	Map	Figure	(ref:	modified	from	Irwin	LSW2	presentation)	
	

	
		
LTL	=	clay-bearing	light-toned	layered	deposits	(upper	and	lower	members)	
MB	=	megabreccia	
flood	=	coarse	deposits,	possible	Uzboi	flood	deposits	
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Regional	(~3x	ellipse)	Stratigraphic	Column	Figure	(Grant	et	al.,	2010)	
	

	
	
Inferred	Timeline	Figure	(ref:	Mangold	et	al.,	Icarus,	2012)	
	

	
Absolute	model	ages	from	Ivanov	and	Neukum	(bold)	and	Hartmann	(italic).		
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Summary	of	Top	3-5	Units/ROIs	
	

ROI	 Aqueous	
or		
Igneous?	

Environmental	settings	for	
biosignature	preservation	

Aqueous	geochemical	
environments	indicated	by	
mineral	assemblages	

1. Light-toned	
layer	outcrops	

Aqueous	 Possible	lacustrine	deposits	
have	high	preservation	

potential	

Neutral	fluids	indicated	by	
phyllosilicates,	but	authigenic	vs.	
detrital	is	unclear	

2. Inverted	
channels	in	
center	of	ellipse	

Aqueous	 Likely	fluvial	deposits,	
overbank	and	meander	
deposits	(if	present)	have	
relatively	low	preservation	
potential	

Alteration	mineralogy	unknown	

3. Craters	in	fan	
surface	

Aqueous	 Alluvial	deposits	have	
relatively	low	preservation	

potential	

Alteration	mineralogy	unknown	

4. Megabreccia	 Aqueous/	
Igneous	(?)	

Impact	hydrothermal	system	
possible,	could	have	high	
preservation	potential.	

Possible	preservation	from	
ULM	seds		in	layered	breccia	

blocks.	

Silica	may	indicate	low-T	
hydrothermal	system,	clays	could	
be	hydrothermal	or	pre-existing	

in	megabreccia	blocks.	

	
Top	3-5	Units/ROIs	Detailed	Descriptions		
	
Unit/ROI	Name:	Light-toned	layered	outcrops	 	

Aqueous	and/or	Igneous?	Aqueous	 	

Description:	

Mostly	flat-lying,	meter-	to	submeter-scale	layers	that	are	variably	continuous,	phyllosilicate-
bearing,	and	associated	with	alluvial	fans.	Clay	spectral	signatures	range	from	not	detected	to	
strong.	

Interpretation(s):	

● Possible	lacustrine	deposits	from	long-lived	late	Noachian	lake	
● Alternatively,	distal	alluvial	facies	
● Phyllosilicates	may	be	authigenic	or	derived	from	crater	walls,	where	they	are	also	present	
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In	Situ	Investigations:	

● Interrogate	vertical	stratigraphy,	sedimentology,	and	geochemistry	in	outcrop	of	100-m	thick	medium	
to	fine	grained	section	to	evaluate	evolution	of	depositional	environment	over	time,	does	it	reflect	
global	lN-eH	climate	change?	

● Search	for	preserved	biosignatures	in	clay-bearing	lake	sediments	
● RIMFAX:	map	subsurface	layered	stratigraphy,	including	presence	of	large	rocks,	to	help	determine	
origin	of	layers	

	

Returned	Sample	Analyses:	

●  Search for biosignatures	
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Unit/ROI	Name:	Inverted	channels	in	center	of	ellipse	 	

Aqueous	and/or	Igneous?	Aqueous	 	

Description:	

Sinuous	layered	ridges	present	at	top	of	layered	fans	in	both	ellipses	

Interpretation(s):	

● Inverted	fluvial	channels	from	last	fluvial	episodes	

In	Situ	Investigations:	

● Paleohydrology	from	facies	
● Pebble	composition	and	igneous	crust	
● RIMFAX:	examine	subsurface	geometry	of	channels,	including	subsurface	layering,	discontinuities,	
possible	changes	in	internal	rock	size/abundance.	

Returned	Sample	Analyses:	

●  Composition	of	pebbles	eroded	from	the	crust	
● Search	for	alteration	inside	ancient	pebbles	and	from	the	Holden	fans	activity	
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Unit/ROI	Name:	Craters	in	fan	surface	 	

Aqueous	and/or	Igneous?	Aqueous	 	

Description:	

Regularly	bedded	layered	outcrops	in	walls	of	small	craters	in	bajada	fan	surface	

Interpretation(s):	

● Alluvial	fan	facies	
	

In	Situ	Investigations:	

● Paleoclimate	and	atmospheric	evolution:	Paleohydrology	and	runoff	requirements	for	observed	
sediment	load	from	a	well	-defined	watershed	

● Mineralogy,	weathering,	and	diagenetic	alteration:	Alluvial	gravel/cobbles	sample	top	1-2	km	of	
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highland	crust,	up	to	800	Myr	of	the	Noachian	period	
● RIMFAX:	map	bedding	layers,	including	lateral	changes	in	bedding	fabric,	and	search	for	discontinuities	
that	could	indicate	changes	in	fan	deposition.	

	

Returned	Sample	Analyses:	

●  Composition	of	pebbles	coming	from	the	ancient	crust	
● Search	for	alteration	inside	ancient	pebbles	and	from	the	Holden	fans	activity	

	

	
Unit/ROI	Name:	Megabreccia	 	

Aqueous	and/or	Igneous?	Aqueous/Igneous	(?)	 	

Description:	

Blocky	(tens	of	m	in	scale)	units	with	diverse	colors	and	morphologies	exposed	at	base	of	Holden	
stratigraphy,	with	silica	and	Fe/Mg-smectite	spectral	signatures	in	some	locations.	
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Interpretation(s):	

● Megabreccia	from	(or	pre-dating)	Holden	impact,	containing	a	variety	of	lithologic	units.	
● Silica	could	indicate	precipitates	from	ancient	impact-induced	hydrothermal	system	
● Clays	could	also	be	related	to	hydrothermal	activity	or	pre-existing	in	bedrock	
In	Situ	Investigations:	

● Search	for	biosignature	preservation	in	possible	ancient	impact	hydrothermal	systems,	other	units	
● Search	for	pre-Noachian	materials	that	could	preserve	traces	of	ancient	atmosphere	and	magnetic	field	
● Compare	lithologic	units	to	regional	units,	could	allow	in	situ	measurements	of	these	units	
● RIMFAX:	Assess	size	of	large	blocks	by	searching	for	interface	between	block/subsurface,	assess	
prevalence	of	similar	blocks	at	depth,	search	for	subsurface	layers	beneath	megabreccia	

Returned	Sample	Analyses:	

●  Analyze blocks of ancient crust	
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Biosignatures	(M2020	Objective	B	and	Objective	C		+	e2e-iSAG	Type	1A,	1B	samples)	
	

Biosignature	
Category	

Inferred	Location	at	Site	 Biosig.	Formation	&	Preservation	Potential	

Organic	materials	 Light-toned layered deposits, 
possibly in megabreccia	

Deposition in low energy lacustrine environment 
along with detrital or authigenic clays	

Chemical	 Light-toned layered deposits, 
possibly in megabreccia	

Deposition in low energy lacustrine environment 
along with detrital or authigenic clays	

Isotopic	 Megabreccia,	possibly	in	LTL	
deposits.	

Mineralization	in	impact-induced	
hydrothermal	system	

Mineralogical	 Megabreccia	 Biological	effects	on	redox	state,	etc.	for	
hydrothermal	minerals.	

Micro-morphological	 megabreccia	 Silica	precipitation	in	hydrothermal	system	
could	preserve	microfossils	or	microbial	
textures	

Macro-morphological	 LTL	deposits,	alluvium	 Microbial-induced	sed	structures	in	lacustrine	
or	alluvial	deposits.	

	

Dateable	Unit(s)	for	Cratering	Chronology	Establishment	
	
None	identified.	

Key	Uncertainties/Unknowns	about	the	Site	
	
List	the	most	important	uncertainties,	unknowns	or	potential	drawbacks	about	the	site	
	

● Lacustrine	vs.	distal	alluvial	origin	for	light-toned	layered	deposits	
● What	aqueous	environments	are	preserved	in	the	megabreccia?	(how	does	CRISM	

correlate	with	HiRISE?)	
● Timing	and	duration	of	lacustrine	and	flood	sequence?	Relationship	to	Eberswalde?	
● Would	in-ellipse	science	be	limited	by	significant	dust	and	aeolian	bedform	cover?	

	


